Recently, it has been shown that some medusae are capable of swimming very efficiently, i.e.; 13 with a low cost of transport, and that this is in part due to passive energy recapture (PER) which 14 occurs during bell relaxation. We compared the swimming kinematics among a diverse array of 15 medusae, varying in taxonomy, morphology and propulsive and foraging modes, in order to 16 evaluate the prevalence of PER in medusae. We found that while PER is commonly observed 17 among taxa, the magnitude of the contribution to overall swimming varied greatly. The ability of 18 medusae to utilize PER was not related to morphology and swimming performance but was 19 controlled by their swimming kinematics. Utilizing PER required the medusae to pause after bell 20 expansion and individuals could modulate their PER by changing their pause duration. Passive 21 energy recapture can greatly enhance swimming efficiency but there appear to be trade-offs 22 associated with utilizing PER. 23 106 beginning of a subsequent bell contraction, the medusa often pausedall bell activity ceased.
Introduction 24
The interaction between animals and the surrounding physical fluid has been identified as an 25 important selective pressure on the evolution of aquatic swimmers (Fish and Lauder, 2006 ; 26 Lighthill, 1975; Vogel, 1994) . By reducing the energetic expenditure of movement through a fluid, 27 animals can direct more energy into growth and reproduction thereby increasing fitness. 28 Jellyfish have been traditionally viewed as ineffective swimmers due to their low swimming 29 speeds and also their low hydrodynamic efficiencies as determined by their Froude number (Dabiri 30 et al., 2010) . However the Froude number cannot account for large interspecific differences in the 31 net metabolic energy demand of swimming, and has no means for including fluid interactions that 32 do not appear in the wake behind the animal (Dabiri et al., 2005) . This is an important consideration 33 for understanding swimming efficiencies in medusae given that: a) the size-scaled metabolic 34 demand for swimming is much lower in jellyfish than it is for other organisms (Gemmell et al., 35 2013) and b) jellyfish form substantial stopping vortices underneath the bell of the animal which 36 have large circulation values yet are not considered in Froude estimates because the vortex is not 37 ejected behind the animal in the wake as it swims (Gemmell et al., 2014) . 38 Jellyfish swim through alternating cycles of contraction of the bell, driven by muscle activation, 39 and relaxation which is a passive process driven by elastic recoil. During contraction the bell 40 kinematics generate a starting vortex in the wake of the medusae. As the bell relaxes a large 41 stopping vortex forms inside the subumbrellar cavity and this refilling of the bell enhances 42 vorticity and circulation of the stopping vortex (Gemmell et al., 2014; Gemmell et al., 2013) . The 43 growing vortex creates an induced jet at the vortex core (Drucker and Lauder, 1999) which 44 generates jet flow directed at the subumbrellar surface of the jellyfish resulting in a high pressure 45 region that produces additional thrust (Gemmell et al., 2013) . This added thrust during the 46 relaxation phase of the swimming cycle is a critical component for enhancing the efficiency of 47 swimming and makes the moon jellyfish (Aurelia aurita) among the most energetically efficient 48 swimmers on the planet in terms of its cost of transport (Gemmell et al., 2013) . By pausing for 49 brief periods after the relaxation phase of the swim cycle, A. aurita takes advantage of the induced 50 flow created by the stopping vortex to gain a second acceleration within a single swimming cycle 51 without the need for additional muscle contraction. The process has been termed passive energy 52 recapture (PER) and has been shown to reduce the cost of transport of A. aurita by approximately 53 50%.
54
In order to evaluate the prevalence of PER among medusae we measured the role of PER in 13 55 species of medusae representing both the morphological and taxonomic diversity within this group 56 of animals. We describe the widespread ability of medusa species to utilize the PER phenomenon Swimming kinematics and fluid interactions during swimming were measured for individuals 71 placed into a large aquarium containing filtered seawater seeded with hollow glass spheres (10 72 μm). Medusae were then illuminated using a 680-nm wavelength laser sheet and recorded at frame 73 rates ranging from 250-1000 frames s -1 (depending on magnification and flow speed) using a high-74 speed digital video camera (Fastcam 1024PCI; Photron) placed perpendicular to the laser sheet.
75
The laser sheet illuminated a two-dimensional plane of fluid, and data were collected when the 76 center of the medusa bell was bisected by the laser plane. Fluid velocities were determined using 77 digital particle image velocimetry (DPIV) software package (DaVis, Lavision Inc.) that analyzed 78 sequential video frames using a cross-correlation algorithm. Image pairs were analyzed with 79 shifting overlapping interrogation windows of decreasing size (64 X 64 pixels then 32 X 32 pixels).
80
This analysis generated velocity vector fields around the swimming medusae. Bell kinematics were 81 quantified from the cross-sectional images of the bell and were analyzed using Image-J software 82 (NIH).
83
Bell and swimming kinematics were quantified using the same methods as Colin Hydrozoa all exhibited passive energy recapture (PER) while performing steady swimming bouts.
102
These swimming bouts consisted of bell contraction, during which a starting vortex formed at the 103 bell margin and separated into the surrounding fluid, and bell relaxation, during which the bell 104 refilled with water and formed a stopping vortex with rotational flow that circulated within the 105 subumbrellar cavity of the bell (Fig. 1) . During the period between full bell relaxation and the mean swimming speed but eliminated PER (Fig 3a) . Likewise, the hydromedusa Stomatoca atra 142 can varying its pulse frequency from 0.8 to 4.7 hz which decreases the PER they receive from 50 143 to 0%, respectively (Fig 3b) . At the maximum observed pulse frequency for S. atra mean 144 swimming speed more than doubles from 6.8 mm s -1 to 14.4 mm s -1 . This will come at the expense productive water mass or attempts to avoid predatory medusae after initial contact with a tentacle.
151
Some medusae are also known to produce faster swimming gaits in response to light cues that may 152 facilitate migration up and down in the water column (Arkett, 1985) .
153
Jetting-type medusae such as the cubozoans and certain hydrozoans (ex. Sarsia tubulosa) 154 showed a significantly greater utilization of PER compared to most rowing scyphomedusae (Figs 155 1, 2). This is somewhat counterintuitive given the fact that vortices produced by rowing-type 156 medusae are known to be much larger (Dabiri et al., 2007) and remain in the tentacle region 157 roughly 10-fold as long as those produced by jetting medusae (Lipinski and Mohseni, 2009 ).
158
Experiments with anesthetized 4-cm A. aurita in which animals were artificially propelled forward 159 at natural swimming velocity and then allowed to drift freely found that these animals were only 160 utilizing 43% of the potential distance that could be generated from PER of the stopping vortex before exhausting the speed created by the stopping vortex, the medusa gets a 'rolling start' that 166 prevents the animal from starting the subsequent contraction cycle from rest. This is important 167 because the influence of the acceleration reaction is a major force resisting motion of organisms 168 that periodically pulse, such as medusae (Daniel, 1984; Daniel, 1985) . The amount of fluid that is 169 accelerated along with an animal is termed the added mass which can be estimated using a 170 coefficient determined by bell shape (Daniel, 1985) . The added mass increases in magnitude with 171 decreasing fineness ratio and thus less streamlined body forms of the oblate medusae experience a greater acceleration reaction during swimming (Colin and Costello, 1996) . The acceleration 173 reaction is also directly related to the volume of the medusa (Daniel, 1983) with prolate jetting 174 forms having lower volumes than oblate rowing forms. The result is that the larger volumes 175 associated with oblate medusae require greater initial force at the beginning of a swimming cycle 176 (Colin and Costello, 1996) . Thus, for larger volume, oblate medusae it could be more advantageous 177 to minimize the negative impacts of the acceleration reaction by starting the next contraction near 178 the peak of the PER boost, where secondary speed is maximal, than to extract a little more distance 179 out of the stopping vortex but have to start moving again from rest.
180
Variability among species with respect to PER utilization may also involve the degree to food-capturing surfaces. Thus, a high pulse rate that minimizes the time between pulses can ensure 191 that high-velocity water moves more frequently through capture surfaces, and feeding rates can be 192 maximized. In this case, the energetic gains from using energy recapture of the stopping vortex 193 may represent a tradeoff between swimming efficiency and food capture. It is also worth 194 considering the fact that some rhizostome jellyfish frequently migrate or exhibit directed 195 swimming (Ilamner and Hauri, 1981) and this may require sacrificing efficiency for greater mean 196 swimming velocities.
197
The ability to utilize passive energy recapture of the stopping vortex to improve the 198 distance travelled per swimming cycle is widespread among medusae. The fact that this 199 mechanism works for so many shapes and sizes of medusae and the contribution of the PER is The top panels indicate that, for each species, the individual swam both with a steady cruising 254 pattern (black line, yellow portion represents PER period) and also rapidly in response to stimuli 255 such as contact with a probe (red line, no PER period). Rapid swimming involved bell contraction 256 followed by a short relaxation period without a pause before a subsequent rapid contraction. Rapid 257 contractions without pauses between relaxation and contraction produced more rapid body 258 displacements (panels C,D) for each species but did not allow the medusae to utilize passive energy 259 recapture during motion. 
